The effectiveness of condensable gas, used as ambience, in UV nanoimprint lithography has been demonstrated. Bubble defect problem, which is inherent in UV nanoimprint under non vacuum ambience, can be solved by PFP condensable gas. UV nanoimprint lithography using PFP was validated for 45 nm pattern fabrication under thin residual layer conditions, which are required for UV nanoimprint used as UV nanoimprint lithography. PFP reduces the viscosity and demolding force of UV curable resins. These properties are helpful in increasing the throughput and reliability of UV nanoimprint. PFP occasionally produces large shrinkages, and degrades pattern quality depending on UV curable resin. These drawbacks can be mitigated by selecting UV curable monomers with a low PFP absorption with a solubility parameter away from 20( J/cm 3 ) 1/2 . UV nanoimprint using PFP is so striking that we now think use of PFP be an integral part of UV nanoimprint.
Introduction
Nanoimprint [1] [2] [3] has been recognized as a promising nanofabrication technique since 1995, when Prof. Chou demonstrated 25 nm wide patterns in polymethylmethacrylate. The nanoimprint was based on thermoplastic property of polymers. Nanoimprint processes are carried out at a raised temperature in order to soften the target polymers and hence called as thermal nanoimprint [1] . Soon after the demonstration of thermal nanoimprint, UV nanoimprint using photo-curable resins was developed [4] [5] [6] . Photo-curable liquid resins for UV nanoimprint are molded using transparent molds typically made of quartz, and cured by UV irradiation through the molds at room temperature. UV nanoimprint does not require any heating/cooling cycles or high imprint pressures because of the low viscosities of UV curable resin used in the process. The viscosities of UV curable resins [7] are several orders of magnitude lower than those of polymers [8] used during the processing at a raised temperature in thermal Fi ure 1. UV nanoimprint in air ambience [19] . . g nanoimprint. Therefore, UV nanoimprint is considered as a promising candidate of next generation lithography with high resolution and low cost [9] . UV nanoimprint is carried out at a constant temperature and requires very low pressing pressure. Both conditions are desirable for precise patterning required in lithography. However, when UV nanoimprint is carried out in air, the low pressing pressure causes formation of air bubble defects [10, 11] which are not encountered in thermal nanoimprint that employs a high pressing pressure [8] . Application of vacuum ambience solves the problem [12, 13] but not without sacrificing the cost-effectiveness of nanoimprint. Therefore, the air bubble defects should be addressed under non-vacuum conditions. Use of resin droplets in helium ambience [13, 14] is proposed as a viable solution in S-FIL [15] (later renamed as J-FIL [16] ), where resin droplets merge each other [17] preventing helium from being trapped during molding process; although small amounts of trapped helium bubbles left behind are dissolved in the photo-curable resin. This method works well but it is not compatible to uniformly pre-coated UV curable resins prepared by spin-coating [18] . nanoimprint. Therefore, UV nanoimprint is considered as a promising candidate of next generation lithography with high resolution and low cost [9] . UV nanoimprint is carried out at a constant temperature and requires very low pressing pressure. Both conditions are desirable for precise patterning required in lithography. However, when UV nanoimprint is carried out in air, the low pressing pressure causes formation of air bubble defects [10, 11] which are not encountered in thermal nanoimprint that employs a high pressing pressure [8] . Application of vacuum ambience solves the problem [12,13] but not without sacrificing the cost-effectiveness of nanoimprint. Therefore, the air bubble defects should be addressed under non-vacuum conditions. Use of resin droplets in helium ambience [13, 14] is proposed as a viable solution in S-FIL [15] (later renamed as J-FIL [16] ), where resin droplets merge each other [17] preventing helium from being trapped during molding process; although small amounts of trapped helium bubbles left behind are dissolved in the photo-curable resin. This method works well but it is not compatible to uniformly pre-coated UV curable resins prepared by spin-coating [18] .
We proposed an innovative UV nanoimprint technique using condensable gas for bubble elimination [10, [19] [20] [21] . Bubble free UV nanoimprint of spin-coat films under atmospheric pressure was first demonstrated by using trichrolofluoromethane (CCl 3 F, CFC-11, CAS No. 75-89-4) [10] . For bubble elimination, a gas condensing at a pressure slightly above the atmospheric pressure is utilized. Trichrolofluoromehtane is non flammable, safe, and low cost. However, the gas cannot be applied to industrial usage because of its non-zero ozone depletion potential that is restricted under "Montreal Protocol on Substances that Deplete the Ozone Layer" [22] . After a few years, alternatives with zero ozone depletion potential were launched. A gas 1,1,1,3,3-Pentafluoropropane (CHF 2 CH 2 CF 3 , HFC-245fa, CAS No. 460-73-1; PFP) was the first choice since it has properties very similar to those of trichrolofluoromethane, except for zero ozone depletion potential, and has a much lower global warming factor. Table 1 summarizes the properties of CFC-11 and HFC-245fa (PFP) [23] . We eagerly investigated UV nanoimprint using PFP through the JST-CREST project "Research and development on process science and CD control in high-throughput nanoimprint" [24] and were convinced that PFP would be indispensable to UV nanoimprint.
In this paper, basics of UV nanoimprint using PFP and accumulated findings [25] [26] [27] [28] through the JST-CREST project are presented.
2.Bubble defects in UV nanoimprint
2.Bubble defects in UV nanoimprint 2.1. UV nanoimprint in air 2.1. UV nanoimprint in air UV nanoimprint at an imprint pressure of 0.5 MPa was carried out in air ambience onto a 900-nm-thick UV curable resin (PAK-01, Toyo Gosei) using a fluorinated quartz mold (NIM-PH350, NTT-AT) containing 350 nm to 10 m wide patterns with a depth of 350 nm. Figure 1 shows fabricated patterns by UV nanoimprint in air [19] . Many bubble defects were generated. Trapping of air in isolated recesses (e.g. 10 m squares in Fig.1 ) of a mold is quite likely to occur, which shows that the bubble defect problem is inherent to UV nanoimprint in air. 
Principle of bubble elimination by PFP
The principle of bubble elimination in UV nanoimprint using condensable gas [10] is illustrated in Fig. 3 . At the beginning of contact between the mold and UV curable resin, an isolated recess of a mold traps condensable gas (e.g. PFP). The trapped gas is compressed by the mold and with increased pressure on the gas, the volume of gas decreases. It may seem that the minimum volume of the trapped gas would be inversely proportional to the imprint pressure, however, the relationship breaks down when an increasing pressure reaches to the saturated vapor pressure of the trapped gas (e.g. 0.15 MPa for PFP). The pressure remains constant with decreasing the volume of the trapped gas by condensation (liquefaction). Eventually the entire trapped gas becomes liquid. In the case of PFP, the liquid volume turns out to be 1/200 of the gas volume. One could suspect that the small liquid PFP droplets would create bubble defects, but, in reality, no such defects have been observed. We believe that PFP dissolves in UV curable resin, or it remains as a thin layer between the mold and UV curable resin.
Creation of PFP ambience 3.1 Introducing PFP into imprinting space
For application of PFP, one may think that UV nanoimprint will need to be operated in a closed system in which air is evacuated and then PFP is filled [29] . The idea is viable and could work. However, for convenience, we chose a simpler approach to produce PFP ambience in the imprinting space of an open system. Figure 4(a) shows the mold table of our UV nanoimprint stepper [30] equipped with PFP introduction system [20] . A PFP line is branched into two feed lines through which PFP is supplied to the imprinting space. Bubble free UV nanoimprint can be realized for a total PFP flow of more than 100 sccm [20] in the system shown in Fig. 4 . The complete resin filling time decreased with increasing PFP flow rate as shown in Fig. 5  [21] , where a mold with about 300-m-wide and 150-nm-deep pattern and 100-nm-thick UV curable resin PAK-01 was used.
PFP concentration in imprinting space
For easy implementation of the condensable gas method to different systems, we measured PFP concentration in the imprinting space while PFP blowing. The PFP concentration in the imprinting space cannot directly be measured but can be determined from the oxygen concentration. Figure 6 shows the oxygen concentration in the imprinting space as a function of PFP flow rate [31]. The oxygen concentration was monitored using a fluorescence-based optical sensor (NeoFox, Ocean Optics) connected to a dummy mold. A PFP flow rate of 100 sccm led to a PFP concentrations of 55%. The PFP concentration reached 90% with increasing the PFP flow rate. As expected, a pure PFP ambience could hardly be produced in the open system; however, bubble free UV nanoimprint was certainly realizable as shown in Fig. 5 . A PFP concentration of 84%, which is produced at a PFP flow rate of 400 sccm, may be a good criterion for rapid UV nanoimprint process.
4. Nano-patterning by UV nanoimprint lithography using PFP 4.1 Fine pattern fabrication UV nanoimprint in PFP was carried out using a mold containing 45 nm line and space patterns with a depth of 90 nm. Figure 7 (a) shows a scanning electron microscope (SEM) image of cured resin patterns fabricated with a 90-nm-thick UV curable resin PAK-01 by UV nanoimprint in air [32] . Some blur line images indicated by arrows are presumably due to incomplete fillings. In contrast, all line patterns fabricated by UV nanoimprint in PFP shown in Fig. 7(b) are uniform [32] . It can be seen that UV nanoimprint using PFP is applicable to the fabrication of fine patterns with dimensions of several tens of nanometer.
Patterns with a thin residual layer
When a thinner UV curable resin is used in UV nanoimprint, bubble elimination can be difficult due to a decrease in the ratio of solvating medium volume (i.e. UV curable resin volume) to the trapped gas volume. The applicability of UV nanoimprint in PFP to about 20-nm-thick residual layer conditions was examined. Such a thin residual layer must be realized when UV nanoimprint is used as UV nanoimprint lithography. Figure 8 shows optical microscope images of a 80 m-square resin pattern containing 45 nm line and space patterns surrounded by 1 m line and space fringes, fabricated by UV nanoimprint (a) in air and (b) in PFP [32] . Bubbles are observed in the fringes and the fine pattern region is not uniform as shown in Fig. 8(a) . A very large capillary force was expected in such fine patterns and such thin resin films [33] , and where it is believed to promote resin filling. However, complete resin filling could not be realized under air ambient. In contrast, no anomalies were observed in the fine resin as shown in Fig. 8(b) . Figure 9 shows a cross-sectional SEM image of the 45 nm line and space resin patterns [34] well-shaped patterns with 20-nm-thick residual layer were successfully fabricated by UV nanoimprint lithography using PFP. We can expect such patterns be uniformly fabricated in the entire area of the fine pattern region shown in Fig. 8(b) , judging from their niform visual qualities.
viscosity of 50 mPas under vacuum, air and
is com nanoimprint in PFP showed resin filling at an ir, and condensable gas u High throughput UV nanoimprint Resin filling in a recess of a mold was simulated by solving the Navie-Stokes equation and equation of continuity using a software U-FLOW/AG (Mizuho Information and Research Institute). The condensable gas is assumed to behave as a function of the gas pressure, where the gas pressure exceeds the critical pressure, the condensable gas starts to liquefy keeping the gas pressure at the critical pressure. Figure 10 shows filling rate as a function of time [35] , where 140-nm-wide and 140-nm-deep recesses with spaces of 280 nm are filled with UV curable resin with a condensable gas (e.g. PFP) ambiences. The filling rate for air ambience increases like the others at the beginning of filling; however, it hardly increases when the filling rate is approaching to 60%. Filling of such a fine pattern is completed in several micro seconds for condensable gas ambience and it ambiences [35] .
parable to that for vacuum ambience. It is difficult to observe the filling phenomenon for fine patterns during such small time intervals. Therefore, we observed resin filling using large checker patterns with a dimension of 100 m and evaluated the impact of ambience on the filling phenomenon, where the mold depth was 94 nm and the UV curable resin thickness was 65 nm. Figure 11 shows the unfilled area percentage as a function of time in air, PFP and helium ambiences [36] . The resin filling in air ambience was not completed and reached as far as 86% in 10 min. The resin filling in helium ambience appeared to be similar to that in air ambience at first but complete filling was realized in 16.8 s. The reason is believed to be related to rapid diffusion of dissolved helium due to its smaller molecular size in comparison to that of oxygen and nitrogen. The dashed line shown in Fig. 11 shows an expected resin filling if UV nanoimprint were carried out in vacuum ambience where it would have been completed in 3 s. UV nanoimprint in helium realizes complete resin filling but requires 5 times longer filling time than that expected of UV nanoimprint in vacuum. Surprisingly, UV unparalleled speed. The resin filling was completed only in 0.13 s. We can see that UV nanoimprint using PFP has a great advantage in high throughput processing. From the simulation shown in Fig. 10 , all filling phenomena at the very beginning are expected to be identical regardless of imprint ambience. However, the resin filling in PFP ambience is very different from that in air [21, 36] helium ambiences [36] .
helium ambience [36] . We thought that the difference is due to certain side effects of PFP UV curable resins.
on spin coated PAK-01 film on a wafer in air mpact on the throughput of V nanoimprint. Fig.11 is considered to be the reduction of viscosity of UV curable resin by PFP. This hypothesis was confirmed by a direct measurement of viscosity of spin coated UV resin films on wafers [37] . A slider with a contact area of 1010 mm 2 was placed or in PFP; and the slider was sinusoidally oscillated at 2 Hz. The positions and applied forces were measured at intervals of 10 ms. Figure 12 (a) shows the positions and forces measured in the case of the slider placed and operated in air [38] . The Pi/2 phase difference between the force and position implies that the force originates in the viscosity. A similar experiment was carried out in PFP. Forces of one third of those in air were measured as shown in Fig. 12(b) [38] . In this case, the PFP concentration was presumably not as high. It was confirmed that the large reduction in viscosity occurs in high concentration of PFP ambience [39] . The reduction of viscosity makes a positive i PFP [38] .
U
Reduction of demolding force Figure 13 shows a wafer map of demolding force of UV nanoimprint [40] , where 5 imprints are carried out in air and 26 imprints are done in PFP. For easier observation the demolding force data are projected onto the vertical planes in the graph according to the UV nanoimprint ambience. The average demolding force was 7.23 N in air and 2.66 N in PFP. The demolding force in PFP becomes one third of that in air. In the experiment, the mold could be regarded as an unpatterned mold. When a mold with fine line and space pattern was used, noteworthy results were obtained. Figure 14 shows demolding forces of UV nanoimprint using a patterned mold in air, in PFP and in helium ambiences [41] . The mold has 200 nm line and space patterns in 2.3  2.3 mm 2 area in the full contact area of 6  6 mm 2 . The average demolding force in PFP is 1/20 of or PFP [40] . Figure 13 . Wafer map of demolding force of UV nanoimprint in air (large spheres) and in PFP (small spheres). The demolding force data are projected onto the vertical planes according to the UV nano Figure 12 . Viscosity of spin coated UV curable resin that in air while the demolding force in helium was clearly larger than that in air. Helium ambience has a negative impact on the demolding force, though it is effective among UV nanoimprint ambiences of air, PFP, and helium [41] . Figure 16 shows the relationship betwe P molar absorption and solubility rameter [44] in terms of acrylate monom shown in Fig. 15 hardly absorb 5/P lity resin patterns in UV nanoimprint using PFP. We think that the solubility parameter is a good index for designing high performance UV curable resins.
6.Conclusions
UV nanoimprint is thought to be a promising nanofabrication technique and the use of condensable gas PFP provides some significant advantage in UV nanoimprint. Bubble defects disappear easily, and high throughput and reliable nanoimprint is attained. The use of PFP occasionally results in undesirable side effects such as larger pattern shrinkage and appropriately t an monomers with low PFP absorption. UV nanoimprint using PFP is so striking that we now think th of UV nanoimprint.
